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We present cavity QED experiments with an Er3+:Y2SiO5 (Er:YSO) crystal magnetically coupled
to a 3D cylindrical sapphire loaded copper resonator. Such waveguide cavities are promising for the
realization of a superconducting quantum processor. Here, we demonstrate the coherent integration
of a rare-earth spin ensemble with the 3D architecture. The collective coupling strength of the
Er3+ spins to the 3D cavity is 21 MHz. The cylindrical sapphire loaded resonator allowed us to
explore the anisotropic collective coupling between the rare-earth doped crystal and the cavity. This
work shows the potential of spin doped solids in 3D quantum circuits for application as microwave
quantum memories as well as for prospective microwave to optical interfaces.
PACS numbers: 42.50.Fx, 76.30.Kg, 03.67.Hk, 03.67.Lx, 76.30.-v
Today, the field of quantum information science is look-
ing for the possible physical and technological realiza-
tion of future quantum processors. A considerable atten-
tion is focused on the study of isolated quantum systems
such as trapped ions, electronic and nuclear spins, opti-
cal photons and superconducting (SC) quantum circuits.
A promising route towards the realization of a feasible
technology lies in the coherent integration of different
systems resulting in hybrid quantum system [1]. Such a
hybrid system will benefit from the best physical features
of its isolated parts, as for instance, scalability and rapid
manipulation of SC qubits, and long coherence time of
atoms [2, 3].
One way of implementing a hybrid quantum system,
is to couple atomic ensembles magnetically to a planar
superconducting quantum circuit [3]. Here, the strong
confinement of a resonator mode along a coplanar mi-
crowave line mediates a strong collective coupling be-
tween the spins of the trapped atoms and the SC res-
onator. In spite of the persisting development of experi-
ments on coupling trapped rubidium atoms to planar SC
circuits, the SC hybrid circuits based on trapped atoms
are still challenging to realize in practice [4, 5]. In that
respect, crystals doped with magnetic ions (nitrogen va-
cancy centers in diamond or rare-earth ion doped solids)
are an appealing alternative atomic system [6–12]. Such
solid states spin systems can easily be integrated with
various planar SC quantum circuits.
In contrast to the long coherence times of spin sys-
tems [13, 14], the coherence of modern SC planar cir-
cuits is still limited by few microseconds, due to uncon-
trollable coupling to the environment [15]. The drastic
improvement in coherence is possible by introducing a
new architecture for SC quantum circuits based on three-
dimensional resonators, which has been recently pro-
posed and successfully implemented [16, 17]. Two-qubit
gate operations have been demonstrated [18], and multi-
qubit entanglement schemes in 3D circuit QED have been
proposed [19].
From the perspective of electron spin resonance (ESR)
spectroscopy, 3D cavities are used since the beginning of
the field. It is also known, that a paramagnetic material
with a very narrow inhomogeneous spin linewidth Γ?2/2pi
(∼ 100 kHz at the microwave X-band, ranging from 8-
12 GHz) often yields a complex response, see Ref. [20]
chapter 6. Such an effect can be explained by the strong
coupling of a spin system to a 3D cavity. In fact, strong
coupling of spins to a 3D cavity has been recently demon-
strated in a conventional room temperature electron spin
resonance experiments [21, 22].
In general, the coupling strength of spins to a cavity
of any geometry is v = gµB
√
µ0ω0nsξ/4~, where g is
electronic g-factor, µB is the Bohr magneton, ω0 is the
resonance frequency, ns is the spin concentration and ξ
is the filling factor [23]. Since the filling factor of a 3D
cavity can be quite large (e.g. 20%, see Ref. [24]), the col-
lective coupling strength v/2pi can attain ∼10 MHz for
the usual experimental concentration of spins in solids
n ' 1017cm−3. This collective coupling strength of the
spins is practically the same as in the case of 2D circuit
QED and meets the requirement for coherent strong cou-
pling v > κ,Γ?2, i.e, the coupling has to be larger than the
resonator decay rate and the inhomogeneous broadening
of the spin ensemble. Therefore, one can implement a
quantum memory based on spin doped solids in a three
dimensional circuit QED.
In this article, we present a 3D cavity QED experi-
ment with an Er3+:Y2SiO5 (Er:YSO) crystal and show
collective strong coupling of erbium electronic spins to a
copper waveguide resonator at millikelvin temperatures.
This crystal is a very promising material for an opti-
cal [25] as well as a microwave quantum memory [26],
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2because its optical magnetic dipole transition possesses
the longest measured optical coherence time of 6 ms at
the telecom C-band around 1.54 µm [27]. The detailed
exploration of such material for the application in hybrid
systems has recently started [23, 28], and strong coupling
of electronic spins has also been demonstrated [12]. Yet,
such a crystal is considered as an excellent candidate for
reversible coherent conversion of microwave photons into
the optical telecom C-band [29, 30].
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FIG. 1. (Color online) (a) Picture of the 3D hybrid quantum
system. The Er:YSO crystal of 3 × 3.5 × 5 mm3 size is placed
inside the sapphire loaded copper resonator. The external
magnetic field is applied in the direction perpendicular to the
symmetry axis of the cylindrical cavity. (b) Dimensions of the
experiment, orientation of the crystal and simulation of the
oscillating magnetic field component B1 of the TE011 mode
along the symmetry axis of the cavity.
The picture of the 3D hybrid quantum system is pre-
sented in Fig. 1(a). We use a single Y2SiO5 crystal doped
with 0.005% of Er3+ (Er:YSO), supplied by Scientific
Materials Inc. The crystal has dimensions of 3 × 3.5
× 5 mm3 and its optical extinction axis D1 is oriented
along the 5 mm long side. The crystal is placed inside
a sapphire loaded microwave resonator. The resonator
is a polished copper cavity with a radius of 15 mm and
a hight of 19 mm. The sapphire cylinder has internal
and external radii of 6 mm and 9 mm respectively and it
is placed inside the copper cavity. The sapphire loaded
microwave cavity is operated at the TE011 mode at a
resonance frequency of ωc/2pi = 5.592 GHz. Its loaded
quality factor can be adjusted by coupling loops in the
range between 700 and 70000 at low temperature. Com-
pared to room temperature, the intrinsic quality factor
of the resonator at cryogenic temperature shows a four
fold increase. At the presented experiment the cavity was
overcoupled with the loaded Ql = 800, corresponding to
a cavity HWHM linewidth of κc/2pi = 3.5 MHz.
Figure 1(b) displays the dimensions of the experiment
as well as a simulation of the microwave oscillating field
B1 sinωt component, which is directed along the symme-
try axis of the cylindrical cavity. The Er:YSO crystal is
placed in the center of the sapphire cylinder, where the
oscillating field is maximal, and it is kept in the position
by two teflon corks. The sapphire cylinder confines the
electric field due to its large dielectric constant, which
reduces the effective mode volume by factor of approxi-
mately 3. The magnetic filling factor of the mode inside
the Er:YSO crystal is about ξ ' 0.2. The crystal inside
the cavity can be rotated in the b − D2 plane in order
to study the anisotropic coupling of Er:YSO. The ex-
periment is placed inside a BlueFors BF-LD-250 dilution
refrigerator, and microwave spectroscopy is performed at
a base temperature of T = 20 mK.
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FIG. 2. (Color online) ESR spectrum of the Er:YSO crystal
coupled to the waveguide resonator. The four electronic spin
transitions are marked according to their site and class, see
the text for explanation and ref. [12]. The hyperfine transi-
tions of 167Er are clearly visible at high fields.
The microwave transmission ESR spectrum of the
Er:YSO crystal for the applied field region between 0
and 278 mT is shown in Fig. 2. The probing power of
the microwave signal at the entrance of the cavity was set
to 100 fW, which corresponds to about 100 microwave
photons inside the resonator. The spectrum consist of 4
avoided level crossings due to the coupling of 4 electronic
spin transitions. The labels S1 and S2 denote magnetic
transitions of Erbium ions occupying site 1 and 2, respec-
tively, and a, b denote the inequivalent magnetic positions
(magnetic classes) of the ions in the crystal [31, 32]. Due
to the strong magnetic anisotropy, the coupling strength
of the transitions increases with the magnitude of the
magnetic field B0 [12]. Therefore, the hyperfine transi-
tions (HF) associated with the presence the 167Er isotope
appear only at high fields in the measured spectrum.
A detailed study of the avoided level crossing at 235
mT is presented in Fig. 3. The transmission spectra
at the spin-cavity resonance shows a clear normal mode
splitting. The fit of the experimental curve to the the-
ory [7] yields a coupling strength of v/2pi = 21.2 ±
0.3 MHz and an inhomogeneous HWHM spin linewidth
of Γ?2/2pi = 18 ± 0.7 MHz. An independent measure-
3ment of a similar 0.005% Er:YSO crystal at a Bruker
Elexsys 580 ESR spectrometer shows an inhomogeneous
linewidth of approximately 5 MHz. Such a difference
may be explained by two effects: the inhomogeneity of
the magnetic DC field B0 and mechanical stress exerted
by the supporting teflon corks.
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FIG. 3. (Color online) Normal mode splitting for the spin
transition S2b at B = 235 mT extracted from the spectrum,
which is presented in Fig. 2, and the spectrum of the uncou-
pled resonator.
The HF spectrum of 167Er at the frequency region
around 3-6 GHz is rather complex, which prevents us
from the identification the magnetic transitions with suf-
ficient confidence, see also Ref. [12, 23]. The typical
coupling strength of the HF transitions around the S2b
electronic spin transition is vHF /2pi ' 6 MHz, with an
inhomogeneous spin linewidth of Γ?HF /2pi ' 10 MHz.
The presented values of the coupling strengths were
obtained for an optimal orientation of the Er:YSO crystal
with respect to the DC field. In general, the magnetic
properties of the spins in the Er:YSO crystal is described
by the g-tensor, which implies the dependence of g-factor
and hence the magnitude of the Zeeman splitting on the
relative orientation between the applied magnetic field
and the crystal axes [31]. The spin Hamiltonian of the
erbium isotopes without a nuclear spin can be written as
H = µB( ~B0 + ~B1 cosωt) · g · ~S, (1)
where g is the g-factor tensor, ~B0 is the applied DC mag-
netic field, ~B1 cosωt is the oscillating (AC) field at angu-
lar frequency of ω. The first term in the spin Hamiltonian
in Eq. (1) describes the Zeeman splitting, and the second
term shows the anisotropy of the coupling strength, see
also [12, 33]. More explicitly, the coupling strength per
single spin is determined by the resonant vacuum field
strength v1 = gacµBBvac/~, where gac is the effective g-
factor of spins along the direction of oscillating vacuum
magnetic field inside the cavity ~Bvac cosωct.
To explore the effect of the magnetic anisotropy of the
Er:YSO crystal, we rotate the crystal around its D1 axis
and measure the dependence of the collective coupling
strength v/2pi on the angle θ between b and D2 axis [32].
The measured data is presented with filled circles, see
Fig. 4. We calculate gac as a function of the angle θ using
the EASYSPIN program [34]. Since the AC g-factor is
proportional to the coupling strength, we superimpose
it with the measured data. Due to the limited number
of experimental points and imperfections in the angular
alignment of the crystal, we can make only a qualitative
comparison. The coupling strength increases from 4 MHz
at 0◦ to 21 MHz at 70◦, which is accompanied by a 5-fold
increase of gac.
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FIG. 4. (Color online) Dependence of the coupling strength
(circles) of the S2b transitions on the rotation angle θ around
D1 axis. The solid line is the simulated AC g-factor for the
same transition.
For the further characterization of the sapphire loaded
cavity, we estimate the coupling strength per single spin.
Here, we neglect the spatial variations of the vacuum field
of the TE001 mode, since the dimensions of the crystal is
much smaller than dimensions of the cavity. The number
of spins participating in the magnetic microwave interac-
tion is Ns = nsV ∼ 8 · 1015, where V = 0.05 cm3 is the
volume of the crystal. The coupling strength per a sin-
gle spin with gac ≈ 15 is v1 = v/
√
Ns ≈ 2pi × 0.24 Hz.
For a single spin with g = 2, the corresponding coupling
strength of the presented resonator is 0.03 Hz.
Having demonstrated coherent coupling to a solid state
spin system, we would like to draw the reader’s atten-
tion to the prospects of this open architecture. From the
engineering point of view, 3D microwave resonators sim-
plify the implementation of a microwave quantum mem-
ory based on trapped and laser cooled atoms. The 3D
architecture can be a promising alternative for the imple-
mentation of coherent strong coupling of atomic clouds
compared to planar circuits, as it has been proposed
4so far [3]. Trapped atoms possess quite small inhomo-
geneous broadening which benefits the proposed setup.
The electrical current distribution inside the resonator
operating at the TE001 mode allows for an easy trans-
fer of atomic clouds into the cavity through holes. The
setup will be similar to the frequency standards based on
Cs fountains [35]. For example, if Ns ∼ 1010 Cs atoms
are loaded inside the resonator with ωc/2pi ' 9.2 GHz,
then the collective coupling strength is estimated to be
v1
√
Ns/2pi ∼ 5 kHz. To reach the strong coupling regime
in such an experiment one requires a high-Q resonator
with Ql > 10
6, which is certainly feasible by using super-
conducting cavities.
In conclusion, we have presented a cavity QED ex-
periment with an Er3+:Y2SiO5 crystal magnetically cou-
pled to a 3D sapphire loaded cylindrical resonator. The
magnetic coupling and the anisotropy was studied for
different orientations of the crystal with respect to the
DC and AC magnetic fields. Our experiments demon-
strate that the strong coupling regime is attained for
spin doped solids magnetically coupled to 3D resonators.
We find a maximum collective coupling strength of 21.2
MHz with an inhomogeneous linewidth of 18 MHz. This
work opens up at least two perspectives. First, quantum
memories based on such solid state spin systems can be
integrated with the emerging technology of 3D supercon-
ducting qubits. Second, the 3D architecture presents a
promising alternative to a planar hybrid circuits coher-
ently coupled to atomic clouds.
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